Polydisperse fibre networks are the basis of many natural and man-made architectures, ranging from high-performance bio-based materials to components of living cells and tissues. The formation and persistence of such networks are given by fibre properties such as length and stiffness as well as the number density and fibre-fibre interactions. Studies of fibre network behavior, such as connectivity or rigidity thresholds, typically assume fixed fibre length and isotropic fibre orientation distributions, specifically for nanoscale fibres where the methods providing time-resolved measurements are limited. Using birefringence measurements in a microfluidic flow-focusing channel combined with a flow-stop procedure, we here propose a methodology allowing investigations of length dependent rotational dynamics of nanoscale polydisperse fibre suspensions, including effects of non-isotropic orientation distributions. Transition from 1 rotational mobility to rigidity at entanglement thresholds is specifically addressed for a number of nanocellulose suspensions, which are used as model nanofibre systems. The results show that the proposed method allows characterization of the subtle interplay between Brownian diffusion and nanoparticle alignment on network dynamics.
Introduction
Fibre networks are ubiquitous in nature ranging from arterioles inside the body, extracellular matrices generated by the cells to the man-made materials such as papers, textiles, polymer solar cells, and injectable hydrogels. [1] [2] [3] [4] [5] [6] [7] [8] Mechanical and dynamical performances of these networks are given by the physical and chemical properties of individual fibres, the fibre-fibre interactions and nature of bonds as well as the disordered network architecture. Investigating how fibre network architecture at the nanoscale affects mechanical performance, and serves as a basis for improved fabrication and design strategies, has became crucial in the development of novel engineered materials. A mechanistic understanding of the assembly methods and of the architecture at the nanoscale could lead to the generation of high-performance engineered constructs. Current imaging techniques such as electron microscopy that are typical to get information on the fibre architectures, are limited to dry systems. 9, 10 Other imaging methods such as dynamic light scattering, 11 holographic video microscopy, 12 and confocal microscopy 13 that have been extensively used to characterize wet colloidal systems, are mostly limited to monodisperse spherical particles or dilute suspensions. Hence, these techniques are unable to thoroughly characterize dynamic colloidal networks of high-aspect ratio nanoparticles such as nanofibres or nanorods, specifically when these particles have a wide range of length distributions.
Macroscale mechanical performance given by the network structure 3, 14, 15 depends on the interplay between nanoscale thermal fluctuations, causing rotational and translational diffusion, and entanglement of nanofibres in a connected network. Hydrodynamic assembly is a promising way to control nanofibre motion during processing, 10, 16, 17 where shear and exten-Polydispersity has a significant influence on the dynamics of nanofibre networks as well as on the mechanical properties of the nanostructured macroscopic materials. A broad length distribution further challenges our understanding on the physical description of the nanoscale entangled network as nanofibres experience multiple entanglement regimes depending on their length and as polydispersity increases the mean entanglement significantly. 27, 28 For man-made materials, the nanofibre assembly under the influence of Brownian motion can be controlled by tuning the concentration and nanofibre dimensions in a way such that entanglement restrains Brownian motion without impeding flow-alignment.
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In this paper we present a methodology to characterize the length-dependent rotational dynamics of polydisperse nanofibre suspensions, including the effects from non-isotropic orientation distributions, and the entanglement in a connected network as a function of nanofibre length. The experimental set-up consists of a flow-focusing channel. 29 A birefringence dependent flow-stop methodology recently introduced 26, 29 is then applied and extended to well characterized suspensions (in dry state) of cellulose nanofibres (CNF) and cellulose nanocrystals (CNC), with different length distributions and at different concentrations. Obtained results demonstrate that in-situ dynamics of polydisperse nanofibre systems can be well characterized and is highly dependent on nanoparticle length distributions and on entanglement at increased concentrations. We further discuss the implications of current findings in the context of the performance of nanostructured materials fabricated via hydrodynamic approaches.
Experimental section
A total of six different nanofibre suspensions are used in this study with CNC as stiff nanorods having a narrow length distribution and with CNF as rigid nanofibres having different surface charge densities, which in turn lead to nanofibres with different length distributions.
Each sample has been used at three different concentrations. This allows us to get a thorough understanding of the network dynamics of nanoparticles systems with different length distributions, entanglement and surface charge densities.
Nanocellulose suspensions
The preparation of the nanocellulose suspensions is detailed in the Supporting Information.
The concentrations of the suspensions were determined using evaporation and gravimetric analysis. The surface charges of the nanorods (103 µeq/g) and nanofibres (380, 550, 820, 980
and 1360 µeq/g) were determined by polyelectrolyte titration using a Stabino particle charge mapping equipment with streaming potential measurements (ParticleMetrix, Germany).
The length distributions were measured using transmission electron microscopy (TEM) (JEOL JEM-1400 TEM) with similar protocols used in earlier studies. 10, 26, 30 Images were acquired systematically and randomly to avoid bias (see Figure S1 ). For each sample, around 200 nanorods and nanofibres have been used for the length distribution.
The diameter of the nanorods were measured 26 directly from the high resolution TEM images ( Figure S2 ). The diameter of the nanofibres were measured using atomic force microscopy (AFM) 10, 26 and small angle X-ray scattering (SAXS). 30 For AFM measurements (MultiMode 8, Bruker, Santa Barbara, CA, USA), all nanofibres have been assumed to be cylindrical. Therefore the height measured with the AFM corresponds directly to the diameter of the nanofibres. For SAXS measurements (12-ID-B beamline, Advanced Photon Source, Argonne National Laboratory, USA), the data were fitted to obtain the typical sizes of the nanofibre cross-section using a ribbon model. 31 For simplification, we consider here that the nanofibres have a circular cross-section and the diameter is therefore obtained from the SAXS data by conversion from ribbon-like to circular cross sections of the same area.
The diameters measured by AFM and by SAXS are in good agreement.
Experimental setup
The experimental set-up consists of a flow-focusing channel. 29, 32 The channel has a cross shape with four branches, each branch having a square cross-section of side h = 1 mm.
The nanocellulose suspension flows in one branch towards the centre of the cross while two distilled water sheath flows enter in the channel through the two neighboring perpendicular branches. They focus the suspension into a thread flowing away from the centre of the cross in the last branch. This gives rise to an extensional flow, aligning the nanoparticles along the flow direction. 16, 33 The relative orientation of the nanoparticles in the flow is measured through the birefringence properties of the suspension. 25, 26, 29, 34, 35 The channel is placed between two crossed polarizers and a high-speed camera (SpeedSense M, Dantec Dynamics) collects a red laser light passed through the whole system. As the measured birefringence also depends on the laser intensity and the concentration of the suspension, the data are normalised with a reference laser intensity and the concentration dependency is corrected accordingly. 
Here β is a numerical factor, k B the Boltzmann constant, T the temperature, L * the entanglement length (see Supporting Information) and η the solvent viscosity. β has been predicted to be of order 1 − 10 24,25,34,36,37 but its magnitude has been found in the range of 10 3 − 10 4 by several experiments 25, 26, 34, 36 and refined theories.
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Results and discussion
Characteristics of the nanocellulose suspensions
Characteristics of the 18 different suspensions used in this study are depicted in Table 1 .
The nanofibre samples are named using a suffix which represents the surface charges in µeq/g. For each surface charge density including nanorods, suspensions with three different concentrations have been used (11, 20 and 41 g/l for the nanorods and 1, 2 and 3 g/l for the nanofibres). These concentrations in particular have been chosen as nanocellulose suspensions lead to a rigid volume-spanning arrested state 10,38 (a gel) at higher concentrations and also because the birefringent signal-over-noise ratio is too low at lower concentrations. Note that the transition range from free flowing suspension to an arrested state are different for nanorods and nanofibres due to the large variations in their aspect ratios. 38 The diameter of nanoparticles for each sample is almost constant and is around 15 nm for the nanorods and These parameters are gathered in Table 1 for all the samples. The three nanofibre samples with the lowest charges (from 380 to 820 µeq/g) have wide length distributions and large lengths of nanofibres while the two nanofibre samples with the highest surface charges (980 and 1360 µeq/g) show narrower length distributions and shorter lengths of nanofibres as the surface charge density increases. 30 This suggests a strong coupling between surface charge density and length distributions of nanofibres obtained after fibrillation of pulp fibres, as also observed in earlier studies.
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The crowding number N c is used to parametrize the entanglement within the network.
This dimensionless number is defined as the average number of nanofibres in a sphere with a diameter equal to the length of the fibres 39,40
Here, L is the nanofibre length, d the diameter, and φ the volume fraction in the suspension. The crowding number allows us to define three different concentration regimes. 40 For The two thresholds, N c = 16 and N c = 60, are respectively called connectivity and rigidity thresholds. 40, 41 In the literature of polymer-based rigid rods, 19,24 the crowding number is defined as the number of nanofibres in a cube of side L. This creates a small discrepancy between the two definitions, with a factor about one half. However, similar concentration regimes can be defined.
In the case of a network with a nanofibre length distribution, polydispersity gives rise to a distribution of crowding numbers. Different approaches have been suggested to estimate this distribution and the mean crowding number N c , for a log-normal 27 or a general 28 length distribution. In all cases, polydispersity increases the mean crowding number, and therefore the mean entanglement, significantly. The mean crowding numbers, obtained by following the procedure given by Huber et al. 28 for a general length distribution, are shown in This clearly emphasizes that the nanofibres are highly entangled and constrained in a three dimensional network. Note that the mean crowding number does not represent the proper entanglement for all nanofibres. Indeed, the entanglement of a nanofibre originates from the number of contact points with its neighbours. Therefore, the shorter the nanofibres, the smaller the number of contacts and less the entanglement. The entanglement length L * defined in the Supporting Information represents the threshold between small nanofibres in the dilute regime (not entangled) and the larger ones in the semi-concentrated regime (entangled). For the nanofibre suspensions used in this study, L * is always smaller than 125 nm, showing that all nanofibres are in the semi-dilute regime (see Figure 1(a) ).
A typical birefringence signal before the stop of the flow is shown in Figure 1 (c), with the flow going from left to right. Before the focusing point (x/h < 0), the maximum birefringence is located on the walls, due to alignment of the nanoparticles with shear. 18 In the focusing region (0 < x/h < 2), the particles are aligned by the extensional flow and the birefringence reaches its maximum value at around x/h = 1.25. After the focusing region (x/h > 2), the thread attains its final shape with no further mechanisms causing alignment. Thus, the particles are relaxing towards isotropy due to rotational diffusion, while being advected by the flow.
Orientational dynamics in polydisperse networks charges increase and seems to reach a plateau around 200. This trend can be understood using several arguments. As surface charges increase, the repulsion between the rods is higher and could influence the rotational diffusion. However, as surface charges are highly correlated with length distributions, this trend can also be associated with length effects. Indeed, the value of β is known to be strongly dependent on the caging of the nanorods, centration number and crowding factor in Figure 6 . The concentration number C is defined as C 1 = 1 g/l, C 2 = 2 g/l, and C 3 = 3 g/l for the nanofibres and as C 1 = 11 g/l, C 2 = 20 g/l and C 3 = 41 g/l for the nanorods, in order to present all the samples in Figure 6 . For all nanofibre suspensions (coloured symbols and solid lines), the three length scales generally decrease when the concentration or crowding number increases, showing that it is more difficult to align longer nanofibres at large concentration or entanglement. However, these length scales for the nanorods shown in Figures 6(a) , ( 
Transition from mobility to rigidity
Thoroughly describing the in-situ orientational mechanisms within polydisperse nanofibre networks requires the comparison of three different quantities for each nanofibre: the rotational diffusion coefficient D r (see eq 1), the alignment rateε and the typical time scale τ a during which the alignments mechanisms are applied. For a single nanofibre of high aspect ratio in a viscous flow, the alignment rate is independent of the nanofibre length. 18 However, in the case of a network, it is considerably reduced by the entanglement of the fibre and is therefore expected to depend on the length of the fibre. The time scale τ a here is the time spent by the nanofibres in the extensional flow at the focusing point, i.e smaller than a second, but can be generalized for other alignment mechanisms.
In polydisperse suspensions, small nanofibres are poorly entangled but cannot be aligned follow diffusion isochrones in Figure 7 and therefore correspond to invariant diffusion time scales, i.e. to the same entanglement thresholds independent of the mass concentration.
Flow-alignment for these length scales is thus balanced by Brownian rotational diffusion and can be described similarly through the individual entanglement of the nanofibres, namely the number of contacts or neighbours. This illustrates the strong interplay between flowalignment and Brownian diffusion in a fibre network governed by entanglement. However, the maximal aligned length L max is not associated to a single diffusion time scale in Figure 7 as flow-alignment for long nanofibres is not balanced by diffusion but is limited by the entanglement and the time scale τ a . Therefore, the transitions of rotational mobility and rigidity in polydisperse nanofibre networks are governed by two dimensionless numbers, D r /ε andετ a respectively.
Application to high-performance nanostructured materials
Elevated mechanical performances in nanostructured materials can be obtained by maximizing the physical contacts between the nanoparticles through the orientation at the nanoscale.
This allows an improved stress transfer between the nanoparticles and provides the ability to utilize the nanoscale mechanical properties in the macroscale materials, which is considered as one of the largest challenges in material science till date. 10, 16, 33 The fabrication of these hierarchical superstructures through self-assembly after flow-induced alignment is generally achieved by the ionic cross-linking of the nanoparticles or by tuning the nanoparticle concentration in the suspensions. 10, 16, 17, [44] [45] [46] [47] [48] In the extensional flow-based geometries of similar dimensions, the typical time τ to complete the transition to colloidal glassy-state and to lock the nanoparticles in the aligned state within the thread is of the order of a second. Consequently, only the very long nanofibres having a diffusion time scale t D higher than the transition time τ remain aligned before the transition occurs. Therefore, the suspensions having aligned nanofibres the farthest above the dashed lines in Figure 7 , i.e. CNF-380, 550 and 820 at C m = 3 g/l, would lead to the macrostructures with the highest degree of orientation and the best mechanical properties as demonstrated by Mittal et al.
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To maximize nanofibre alignment during the material fabrication, it is therefore necessary to work with long and partially entangled nanofibre systems, i.e. with broad length distributions and concentrated suspensions slightly above the rigidity threshold. Indeed, long nanofibres own a dealignment time scale larger than to the transition time and large concentrations lead to high entanglement and thus maximize the flow-induced alignment. Large concentrations are however limited by the rigid volume-spanning arrested states, where the suspension becomes like a gel due to entanglement. In such gel-like suspension, flow alignment is completely restricted. Hence, it is highly important to optimize the nanoparticle systems based on the dimensions and concentrations to obtain the best possible mechanical properties at the macroscale.
Conclusions
To conclude, we have demonstrated that tracking the rotational Brownian motion of nanorods with birefringence expands the capabilities to probe in-situ the orientational and network dynamics of flowing suspensions at the nanoscale. Our results reveal that despite a similar trend in the orientational dynamics, the characteristic length scales aligned by the flow are strongly dependent on the nanofibre length distributions and on the nanoscale entanglement within the suspensions. The selection of these aligned length scales emphasizes the intense coupling between Brownian diffusion and flow-induced alignment at play in entangled nanofibre networks. The knowledge from this study can be used to optimize the mechanical performance of nanostructured materials fabricated via flow-based approaches, that are typically dependent on the nanoparticle length distributions and characteristic time scales of diffusion. Our approach promises an easy access to nanoscale mechanisms, dynamics and structure for a variety of biophysical and soft material systems that are currently accessible only to the state of art X-rays and neutron scattering methods and are challenging to characterize in-situ. In the examples provided herein, the nanoparticle building blocks (nanocelluloses) differ only in size, but this methodology also should be extendable to other building blocks that differ in chemical compositions (i.e. amyloids, chitin, metal nanoparticles etc...). 
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